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Potentiometric Surface of the Minnelusa Aquifer
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EXPLANATION

Outcrop of Minnelusa Formation (Lower Permian and Pennsylvanian)
Outcrop of Madison (Pahasapa) Limestone (Lower Mississippian) and Englewood Formation (Lower Mississippian and Upper Devonian)

——6000— — Generalized potentiometric contour—Shows approximate altitude at which water level would have stood in tightly cased wells completed in the Minnelusa or Madison
aquifers, in feet. Contour interval 100 feet. Dashed where inferred or approximated. Datum is sea level!

—— > Fault—Dashed where concealed. Bar and ball on downthrown side
+ --------- > Syncline—Showing trace of axial plane and direction of plunge. Dashed where concealed
+ --------- > Monocline—Showing trace of axial plane. Dashed where concealed
—“ Dome—Symbol size approximately proportional to size of dome. Dome asymmetry indicated by arrow length

Well—Number is altitude of the water level measured in well, in feet above sea level'

ISea level: In this report, the term "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)

METHODS

Wells for this investigation were selected from monitor and water-supply wells (stock, domestic, irrigation, and municipal) that were visited by the USGS or
permitted by the WSEO. The monitor wells either had been installed to measure water levels or had been converted to monitoring use. Permitted wells within the
study area were evaluated to select only wells completed in the Minnelusa or Madison aquifers by comparing well logs filed at the WSEO to published geological
information. Permit holders of selected wells then were contacted to obtain permission to measure water levels and possibly to collect a ground-water sample for
tritium analysis. Well locations and other ancillary information on the well permits were verified when the wells were visited.

Water levels were measured in the monitor wells and the water-supply wells. Water-level measurements from wells instrumented with continuous water-level
recording devices were obtained from the WSEO. Each monitor well was visited at least once. Water levels were measured using a steel tape, an electrical tape, or a
pressure gauge. If a water level could not be measured in a well because of well construction, or if a landowner prohibited access to a well, water-level measure-
ments were obtained from either the landowner, USGS records, or WSEO well permits. Water levels measured above or below land surface were converted to water-
level altitudes above sea level; water-level altitudes also are known as hydraulic heads. The distribution of hydraulic head in an aquifer is shown by construction of a
potentiometric-surface map.

Potentiometric surfaces (sheets 1 and 2) were mapped by contouring altitudes of water levels measured in wells completed in the Minnelusa and Madison
aquifers and altitudes of springs originating from the Minnelusa aquifer. The potentiometric surfaces of both aquifers were constructed using water levels measured
in wells completed at different depth intervals within the aquifer and measured at different times and therefore are considered to be generalized potentiometric
surfaces. Most water levels were measured during the fall of 1998 and 1999. Earlier water-level measurements were used in some areas to improve data density and
spatial distribution. The water-level altitudes shown on the maps are from the ground-water database of the USGS National Water Information System, and the
spring altitudes are from published USGS topographic maps. Ranges in measured water levels for continuous-recording wells generally are less than the 100-foot
contour interval used; thus, in most areas the configuration of the potentiometric surface during the period of water-level data collection (about 1955 to 1999)
probably is not very different from that which is shown. Potentiometric contours are dashed where inferred or approximated. Many wells are com-pleted in the
upper 200 to 300 feet of the Minnelusa aquifer, but wells locally are completed in sandstone beds in the middle to lower parts of the aquifer. The depth of wells
completed in the aquifer is not shown on the maps. Most of the springs used in contouring are on or near the outcrop area. The actual hydraulic head in the vicinity
of the springs probably is higher than the spring altitudes.

Structural contours showing the altitudes of the tops of the Minnelusa and Madison aquifers (sheets 3 and 4) were constructed by modifying and updating
contours presented in Head and others (1979). The contours from Head and others (1979) were scanned and used as a starting point for construction of contours of
the tops of both aquifers. The contours then were modified and updated, primarily on the basis of additional lithologic information (well logs) obtained from the
ground-water database of the USGS National Water Information System, paper records on file in the USGS office in Cheyenne, and with structural contour maps for
both the Minnelusa Formation and Madison Limestone in Kyllonen and Peter (1987) and the Minnelusa Formation in Fox and Higley (1987) and Crysdale (1990).

The reader should note that potentiometric-surface and structural contours in this report are presented using the National Geodetic Vertical Datum of 1929 and
the topographic contours are presented using the North American Vertical Datum of 1988; comparison of the two vertical datums at different locations within the
study area indicate a maximum difference between the two of about two feet in altitude. This difference is considered sufficiently accurate for purposes of this
investigation, especially when the intervals of the potentiometric contours (100 ft) and land surface contours (200 ft) are considered in relation to the structural
contours (1,000 ft). However, the reader should note this discrepancy when using the contours for other purposes.

Water samples were collected from selected springs and wells and analyzed for tritium. Samples were collected from wells after three well-casing volumes were
removed by pumping and after successive measurements of pH, specific conductance, and temperature had stabilized. Samples from springs were collected as close
as possible to the discharge point of the spring to minimize contact with the atmosphere. Tritium samples were collected by completely filling 1-liter polyethylene
bottles after rinsing the bottles and polyseal caps three times with the water being sampled. The tritium samples were analyzed at the USGS laboratory in Menlo
Park, California.

Tritium is a radioactive isotope of hydrogen present in water molecules with a half-life of about 12.43 years (Plummer and others, 1993). Tritium is produced
naturally in the Earth's atmosphere at very low concentrations; however, the atmospheric testing of large thermonuclear devices from 1952 through 1964 added large
amounts of tritium to the atmosphere, up to several orders of magnitude above levels produced naturally (Clark and Fritz, 1997). The concentration of tritium in
ground-water samples can be used to qualitatively estimate the time at which water that originated as precipitation recharged the part of the aquifer sampled and then
was isolated from the atmosphere. Natural levels of tritium in continental precipitation prior to bomb testing probably ranged between 1 and 20 tritium units (TU)
(Kaufman and Libby, 1954). Ground water derived exclusively from precipitation before thermonuclear device testing would have maximum concentrations of about
0.2 to 0.8 TU by the early 1990's because of radioactive decay (Plummer and others, 1993; Clark and Fritz, 1997). Higher concentrations of tritium suggest that
some fraction of the ground water sampled probably was recharged since 1953. Tritium samples discussed in this report were collected during this study and an
earlier study conducted by the WSEO and USGS.

MINNELUSA AQUIFER

In this report, the Minnelusa aquifer is defined as equivalent to the Minnelusa Formation. The Minnelusa aquifer is used more than the Madison aquifer for
domestic and stock wells in the study area. The Minnelusa aquifer outcrop is exposed at the land surface throughout much of the study area, primarily at higher
altitudes near the Wyoming-South Dakota State line.

The Minnelusa aquifer (Pennsylvanian and Lower Permian) is unconformably overlain by the Opeche Shale (Permian) and unconformably underlain by the
Madison Limestone (Mississippian) (DeWitt and others, 1986, 1989; Love and others, 1993). The Opeche Shale is believed to be a confining unit where the
Minnelusa aquifer is saturated in Wyoming and South Dakota (Strobel and others, 1999). In the South Dakota part of the Black Hills, the Minnelusa Formation is
sometimes considered to be an aquifer in the upper part and a confining unit in the lower, primarily because of differences in lithology in the upper and lower parts of
the formation (Strobel and others, 1999; Epstein, 2001). It is unclear if the Minnelusa aquifer in Wyoming can be defined in a similar manner, but differences in
hydraulic head observed in this study between wells completed in the Minnelusa Formation and Madison Limestone in the study area may support this conclusion in
some areas of the Black Hills within Wyoming. Recharge to the Minnelusa aquifer in Wyoming and South Dakota in the Black Hills area is primarily from infiltra-
tion of precipitation on outcrops and from streamflow losses where streams cross the outcrop areas (Downey and Dinwiddie, 1988; Hortness and Driscoll, 1998;
Carter and others, 2001a, 2001b).

The Minnelusa aquifer in the Black Hills of Wyoming and South Dakota consists primarily of alternating sandstone and dolomite units interbedded with lesser
amounts of shale and chert (DeWitt and others, 1986). In the western Black Hills (includes the study area), DeWitt and others (1986, fig. 4, p. 11) report a thickness
of 700-1,000 ft for the Minnelusa aquifer. The upper part of the Minnelusa Formation “contains dolomite, anhydrite, eolian sandstone, siltstone, and cherty dolo-
mite” whereas the lower part of the formation “consists of shale, dolomite, radioactive black shale, anhydrite, and sandstone” (DeWitt and others, 1986, p. 35). The
anhydrite beds common in the upper part of the formation commonly become solution breccias in outcrop (DeWitt and others, 1986; Epstein, 2001). Epstein (2001)
also noted that gypsum (in addition to anhydrite) also commonly is present in the upper part of the Minnelusa Formation in the northern Black Hills. Some investiga-
tors (DeWitt and others, 1986; Epstein, 2001) have noted that the gypsum and anhydrite interbedded with the sandstone is much more common in the upper part of
the formation and commonly characterizes the upper part of the Minnelusa Formation in the Black Hills; consequently, and as noted earlier, some investigators define
the upper part of the Minnelusa Formation as an aquifer and the lower part as a confining unit in the Black Hills (Kyllonen and Peter, 1987; Greene, 1993; Strobel
and others, 1999).

Although primary porosity and permeability in the Minnelusa aquifer occur where the aquifer consists mainly of sandstones, substantial secondary porosity and
permeability occur where the aquifer consists mainly of carbonate rocks (dolomite and limestone) and calcium sulfate rocks (gypsum and anhydrite). Natural
dissolution processes associated with karstification have developed or enlarged fractures and other openings in the carbonate and calcium sulfate rocks (Strobel and
others, 1999; Epstein, 2001). Large well yields reported for wells completed in the Minnelusa aquifer are believed to be from these zones within the aquifer where
secondary porosity and permeability have developed as a result of dissolution or fractures. Epstein (2001, p. 31) reports that gypsum and anhydrite “comprise about
30 percent of the Minnelusa Formation” in the northern Black Hills and notes that both primarily are present in the subsurface (and more commonly in the upper part
of the Minnelusa Formation) because most anhydrite at the outcrop has been removed by dissolution (except areas in Wyoming near Beulah and Sundance and some
areas in South Dakota). Epstein (2001, p. 30) also noted that “calcium sulfate rocks are much more soluble than carbonate rocks, especially where they are associ-
ated with dolomite undergoing dedolomitization, a process which results in ground water that is continuously undersaturated with respect to gypsum.” In some
locations in the Black Hills area, dissolution of gypsum and anhydrite in the Minnelusa aquifer has affected the hydrologic characteristics of the aquifer and
hydrogeologic units above; sinkholes and other collapse features are commonly filled with breccias (Bowles and Braddock, 1963; Braddock, 1963; Epstein, 2001).
Therefore, areas in the Minnelusa aquifer with calcium sulfate rocks may be more susceptible to continuing karstic development through dissolution than areas with
only carbonate rocks (dolomite and/or limestone).

Structural contours showing the configuration and altitude of the top of the Minnelusa aquifer constructed for this and earlier investigations (Head and others,
1979; Fox and Higley, 1987; Kyllonen and Peter, 1987; Crysdale, 1990) show that the Minnelusa aquifer dips away from uplift areas (Black Hills and Bear Lodge
Mountains). Structural contours constructed during this investigation for the northern part of the study area (sheet 3) range from about 6,000 ft above sea level in the
southeast to about 2,000 ft above sea level in the north. In the southern part of the study area (sheet 4), structural contours range from about 5,000 feet above sea
level in the northeast to about 3,000 feet below sea level in the southwest.

Potentiometric Surface

The potentiometric surface constructed for this study (sheets 1 and 2) shows ground water in the Minnelusa aquifer generally flows radially outward (primarily to
the west) and generally downdip from the outcrop area of the aquifer along the eastern part of the study area. Earlier potentiometric surfaces constructed for the
Minnelusa aquifer in South Dakota (Strobel and others, 2000a) or for the Minnelusa aquifer and equivalent rocks in Wyoming, South Dakota, and Montana
(Kyllonen and Peter, 1987; Downey and Dinwiddie, 1988, fig. 19, p. A23) suggest similar movement in the study area. These studies also show that ground water in
the Minnelusa aquifer in Wyoming and South Dakota immediately in the vicinity of the Black Hills

6 . . )
W 3635 h i ‘2 i ‘ | ‘ . ‘ 1  generally flows radially outward from the aquifer outcrop areas that encircle the center part of the
3 2630 - Well Minn2-Minnelusa aquifer 1 uplift (igneous and metamorphic core). The location of outcrop areas, in combination with higher
@ s 1  precipitation in upland areas and radial ground-water flow away from these areas, supports the
= r 1 hypothesis stated previously that the primary sources of recharge to the Minnelusa aquifer are
ﬁ ol 3,625 L 1  precipitation on outcrops and streams crossing outcrops. In the western part of the northern part of
za C 1  the study area (vicinity of the Bear Lodge Mountains), contours constructed during this study
_ :(' 3620 - 1  indicate ground water in the Minnelusa aquifer primarily flows to the east.
L : { 1 . . .
E ? 3615 Q 1 In the northern part of the study area (sheet 1), the altitude of the potentiometric surface ranged
o No data {1  from about 6,400 ft above sea level in the southeast near the Wyoming-South Dakota State line to
E 3610 s Ny 1 about 3,500 ft above sea level in the northeast near the Wyoming-South Dakota State line. In the
[ No data 1 southern part of the study area (this sheet), contours were constructed only for the northeast, and the
S - ] thern part of the study this sheet t tructed only for the northeast, and th
3605 L 1 altitude of the potentiometric surface ranged from about 6,000 ft to about 4,700 ft above sea level.
3,825 — | ‘ ‘ ‘ ] Water Levels
[N} B . . T
3 ssol Well Mad6-Madison aquifer ] Water levels in the Minnelusa aquifer generally increased during 1995-99, a period of above-
g UL o data. ] ipitation. The hyd h for well Minn2 (fig. 3) ill his poi
2 r /\ i average precipitation. ¢ hydrograph for we inn2 (fig. 3) illustrates this point.
Ed 3,815 [ w\/\/ / f\s Tritium
w i b
za i \NO G ] Tritium concentrations in three ground-water samples collected from the Minnelusa aquifer
u_j :(' 3810 - 1  during this and an earlier study are listed in table 1. In two of the three wells, tritium concentrations
> 7 C No data 1 (well Minn2, 8.3 TU, and well Minn3, 4.4 TU) suggest at least some of the water sampled in these
- 3,805 k 1  wells was recharged since 1953. The tritium concentration in one of three wells sampled (well
L r 1 Minnl, <0.8 TU) suggests water sampled from the well was recharged prior to 1953.
3,800 |- .
§ i . Average annual precipitation is affected by land-surface altitude in the study area (precipitation

data for Sundance, Wyoming are shown in figure 3 and average annual precipitation and land-
surface altitude are shown in figure 4). Areas with the highest precipitation in the study area (fig. 4,
sheet 3) coincide with much of the outcrop of the Minnelusa aquifer (sheets 1 and 2).
Consequently, it might be expected that these areas may receive more recharge than other areas (if
1 hydrogeologic conditions allow), and samples collected in these areas are more likely to have
tritium concentrations indicative of recharge since 1953 (greater than about 0.8 TU). Carter and
others (2001a, fig. 17, p. 54) showed that recharge to the Minnelusa and Madison aquifers is highest
near outcrop areas. As just discussed, tritium concentrations in ground-water samples collected
H  from two of three wells completed in the Minnelusa aquifer indicate some recharge since 1953;
both wells with tritium concentrations greater than 0.8 TU were close to outcrop areas of the
Minnelusa aquifer that coincide with areas of high precipitation. It is unclear if the higher concen-
1 trations of tritium in these two wells (Minn2, Minn3) are related to close proximity to the

No data ‘ ‘ 1l Minnelusa outcrop (and higher amounts of precipitation) or because of limited sample size (only
il

T

9 T T T T T T T
| Monthly precipitation at Sundance, Wyo.

PRECIPITATION, IN INCHES
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»n F Table 1. Tritium concentrations in ground-water samples collected from selected wells and springs
% 25 E [<, less than]
O r 30-year average 1
=z | (1961-1990) . O . o .
> 20 - Map identification U.S. Geological Survey Sample Tritium concentration
- » . number and site station identification collection and analytical uncertainty,
% 15 F4 ] type (fig. 1) number Aquifer date in tritium units (TU)
E ] Minnl (well) 435433104092701 Minnelusa 7/22/99 <0.8+0.6
o 10 17 ] Minn2 (well) 443158104114202 Minnelusa  10/31/91 83+0.8
@ F 1 Minn3 (well) 443213104110601 Minnelusa ~ 8/18/99 44+08
& 50 I Madl (well) 434539104233401 Madison 7/29/99 <0.8+0.6
5 No data Mad2 (well) 435115104131701 Madison 7/20/99 <0.8+0.6
O .
1992 1993 1994 1995 1996 1997 1998 1999 2000 Mad3 (well) 435324104173101 Madison 7/23/99 <0.8+0.6
YEAR Mad4 (well) 442601104155201 Madison 10/31/91 241%1.6
Figure 3. Water-level hydrographs for wells Minn2 and Mad6, and Mads5 (spring) 442927104063201 Madison 8/17/99 13.7+1.0
monthly, annual, and 30-year average precipitation at Sundance, Wyo. Mad6 (well) 443158104114201 Madison 10/29/91 2.3+0.6
Precipitation data from Western Regional Climate Center (2002). Mad7 (well) 443300104040601 Madison 8/19/99 <0.84+0.6
Water levels from Wyoming State Engineer's Office (Larry Porter, Mads (well) 443456104032301 Madison 10/30/91 <0.8+06

written commun., 2002). Well locations are shown in figure 1 (sheet 1).
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